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Amendment No.:                 Reviewed by:              Date: 
 
_________________              _____________             _______________ 
 
_________________              ______________            ________________ 
 
Lab Property Number(s):n/a __________________________________________________  
Lab Location Code: 426 ___________________________ (obtain from Safety Officer)  
Purpose of Vessel(s): Remove oxygen and water from liquid argon _____________  
 ____________________________________________________________________________  
Vessel Capacity/Size:22.5 gallon __  Diameter:12.75” ____ Length: 51.5” _______  
Normal Operating Pressure (OP) 55 psid _______  
MAWP-OP = 165 – 55 = 110 PSI 
 
List the numbers of all pertinent drawings and the location of the originals.  
 
Drawing # Location of Original 
Eden Cryogenics LLC BC-02128-5800-01 ___  8445 Rausch Dr Plain City, OH 43064 _______________  
 ________________________________   _________________________________________  
 ________________________________   _________________________________________  
 ________________________________   _________________________________________  
 ________________________________   _________________________________________  
 ________________________________   _________________________________________  
 
2. Design Verification 
 
 Is this vessel designed and built to meet the ASME BPVC or “Experiment 

Vessel” requirements? 
 Yes_X____ No_____. 
 

If “No” state the standard that was used _________________. 
Demonstrate that design calculations of that standard have been made 
and that other requirements of that standard have been satisfied. 
Skip to part 3 “system venting verification.” 

 
Does the vessel(s) have a U stamp?  Yes___X__ No__ ___.  If "Yes", 
complete section 2A; if "No", complete section 2B. 

 
A. Staple photo of U stamp plate below. 

 Copy "U" label details to the side   
  Copy data here: 

 NB 9 

 CERTIFIED BY EDEN CRYOGENICS LLC 

 MAWP 165 PSI AT 932 OF 

 MAEWP 15 PSI AT 932 OF 

 MDMT -320 oF at 165 PSI 

 EDEN SERIAL NO 02128-03 

 YEAR BUILT 2010 
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Figure 1.  ASME Code:  Applicable Sections   

2B. 

Summary of ASME Code 
 
 
  CALCULATION RESULT 
  (Required thickness or stress 
 Reference ASME level vs. actual thickness 
Item Code Section calculated stress level) 
 
 ___________________   ____________________________   _____________ vs ___________  
 ___________________   ____________________________   _____________ vs ___________  
 ___________________   ____________________________   _____________ vs ___________  
 ___________________   ____________________________   _____________ vs ___________  
 ___________________   ____________________________   _____________ vs ___________  

THE	  LAPD	  OXYGEN	  FILTER	  VESSEL	  IS	  A	  CODE	  STAMPED	  ASME	  
VESSEL.	  	  THIS	  SECTION	  IS	  NOT	  REQUIRED.	  
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3. System Venting Verification  Provide the vent system schematic.  
 
 Does the venting system follow the Code UG-125 through UG-137?   

Yes_X__ No___  
 
 Does the venting system also follow the Compressed Gas Association 

Standards S-1.1 and S-1.3? 
 Yes __X___ No_____  
 
 A “no” response to both of the two proceeding questions requires a 

justification and statement regarding what standards were applied to 
verify system venting is adequate. 

 
 List of reliefs and settings: 
 

Manufacturer Model # Set Pressure Flow Rate Size 

Rockwood Swendeman
 

710NBEF-A
 

100 PSIG
 

282 SCFM AIR
 

1 x 1 ¼ inch
 

     

     

     

     

     
 
4. Operating Procedure 
 
 Is an operating procedure necessary for the safe operation of this 

vessel? 
  Yes_____  No__X___    (If "Yes", it must be appended) 
 
5. Welding Information 
 
 Has the vessel been fabricated in a non-code shop?  Yes_____ No___X__ 

 If "Yes", append a copy of the welding shop statement of welder 
qualification (Procedure Qualification Record, PQR) which 
references the Welding Procedure Specification (WPS) used to weld 
this vessel.  

 
6. Existing and Unmanned Area Vessels 
 
 Is this vessel or any part thereof in the above categories?   
 Yes_____  No___X____ 
 

If "Yes", follow the requirements for an Extended Engineering Note for 
Existing and Unmanned Area Vessels. 
 

7. Exceptional Vessels 
 
 Is this vessel or any part thereof in the above category?   
 Yes_____  No____X___ 
 

If "Yes", follow the requirements for an Extended Engineering Note for 
Exceptional Vessels. 
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THIS VESSEL CONFORMS TO FERMILAB ES&H MANUAL          
CHAPTER 5031 

Vessel Title   

Vessel Number   

Vessel Drawing No.   

Maximum Allowable Working Pressure (MAWP) 

Internal Pressure   

External Pressure   

Working Temperature Range   ˚F   ˚F 

Contents   

Designer / Manufacturer   

Test Pressure (if tested at Fermilab) Acceptance Date   

  PSIG, Hydraulic   Pneumatic   

Accepted as conforming to standard by 

   

Of Division / Section / Center    

 

NOTE:  Any subsequent changes in content, pressures, temperatures, valving, etc., 
which affect the safety of this vessel shall require another review and test. 

 

 Figure 2.  Sample of sticker to be completed and placed on vessel. 
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Relief Valve Sizing for the LArIAT Filter Vessel and Other Information Relevant to the Pressure 
Vessel Engineering Note 
 
The LArIAT experiment located in upstream MC7 is using a filter vessel identical to two filter vessels which have been in 
service for 5 years in the LAPD liquid argon purification system located in PC4 which is shared by the LBNE 35T.  The 
vessel consist of an ASME code stamped inner vessel surrounded by an outer vessel that is the vacuum jacket. 
 
The following describes the history of the three filter vessels purchased for LAPD.  It is likely of little interest to the peer 
reviewer of this note, it is documented in case this history is useful at some point in the future.   
 
During the 1st LAPD run some filter material made it out of the filter vessels and into the piping.  The filter material was 
contained within the filter vessels by sintered metal discs.  The spare filter vessel that was never installed was examined 
by borescope (LAPD purchased 3 identical filter vessels – only two of which were put into service during the 1st LAPD 
run).  The top sintered metal disc was found to have a small weld crack thru which filter material could leak out.  This was 
not a pressure containment issue.  It was assumed the installed filters had this same weld crack failure from the beginning 
and this was later confirmed.  Both filter vessels were cut out of the LAPD piping.  The repair consisted of cutting off both 
the top and bottom pressure vessel heads that contained the sintered metal discs.  New heads were fabricated and 
welded on the vessel that contain screen between slotted plates instead of sintered metal discs.  The screens provide 
particulate filtration while the slotted plates support the weight of the filter material and react the forces due to the 
pressure drop across the bed.  The screen design is shown in FNAL drawings #489456 and #489458. 
 
First the spare filter vessel was sent out for repair.  This filter vessel was installed in place of the oxygen filter used during 
the 1st LAPD run.  A new pressure vessel engineering note (with a unique vessel number) was created for this vessel 
which is identical to the original oxygen filter pressure vessel engineering note except that the repair is noted. 
 
The filter which held the molecular sieve was sent out as the 2nd repair.  Since this filter vessel will still be used to hold 
molecular sieve after the repair, the existing pressure vessel engineering note is amended (No. 1) to note the repair.   
 
The vessel described by this pressure vessel engineering note is the original LAPD oxygen filter which has been repaired 
and moved to its new location in MC7.  The repair design has been validated by the 2nd LAPD run and the 1st LBNE 35T 
run.     
 
In this application the vessel contains a 50-50 mix of Sigma Aldrich 4A molecular sieve filter material and BASF CU-
0226S oxygen filter material.  CU-0226S is essentially a thin layer of copper covering a molecular sieve like substrate.  
The molecular sieve fraction of the filter bed is regenerated using heated argon gas and the oxygen filter fraction is 
regenerated using a blended mixture of heated argon gas and a purchased pre-mix of 2.5% hydrogen in argon (2.5% 
hydrogen in argon is considered non-flammable).  Both filters will be heated to 200 oC (392 oF).  The gas heaters are 
external to the filter vessels.  The vessels will be used to purify liquid argon as the liquid argon flows form the supply tank 
outside MC7 to the cryostat located inside.   
 
The pressure relief devices were sized according to the Compressed Gas Association’s CGA S-1.3—2008 document.  
This document is entitled, “Pressure Relief Device Standards Part 3—Stationary Storage Containers for Compressed 
Gases.”  It is available as part of Fermilab’s Techstreet subscription.   
 
The basic vessel geometry is shown in Figure 1 and the manufacturer drawings are available in the appendix.  
The relief valve is set at 100 psig (115 psid to vacuum).  This is below the vessel’s code stamped MAWP of 150 
psig (165 psid to vacuum). 
 
Fire Condition (heat input calculation is identical to the two LAPD filter pressure vessel engineering 
notes) 
 
First the fire condition is considered as it is more difficult to relieve than any other scenario.  To begin the calculation, an 
estimate of the relief capacity required is computed.  This number is then corrected for pressure drop and temperature 
rise in the line that leads to the reliefs if required.  In CGA section 6.3.3 the following equation is used to calculate the 
minimum required flow capacity 
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where: 
 

U =  Overall heat transfer coefficient to the liquid, . 

 
F =  Correction factor for pressure drop and temperature rise in line to relief valve, specified in 6.1.4., 1.0 in initial 

calculation. 
 
A =  Average surface area of the inner and outer vessels (to be conservative the surface area of the outer vessel is 

used in all calculations). 
 
Gi =  Gas factor for insulated containers. 
 
Qa =  Flow capacity required at applicable flow rating pressure and 60 oF in cubic feet per minute of free air.   
 
The heat rate into the liquid is computed using SI units.  All other calculations are performed in English units.   
 
First the overall heat transfer coefficient to the liquid must be computed.  For the fire condition it was assumed that the 
outer vessel is exposed to an environment that is at 922 K (1,660 oR) and the vacuum space between the inner and outer 
vessel has been filled with air at atmospheric pressure (air has a higher thermal conductivity than argon).  For simplicity 
the vacuum jacket wall temperature is set to 922 K instead of computing a lower wall temperature based upon heat 
transfer from a 922 K ambient.  The inner vessel wall will be at the saturation temperature of liquid argon at the flow rating 
pressure.  The vacuum space contains six highly polished aluminum radiation shields.  Aluminum radiation shields were 
chosen because both filter vessels are regenerated at 523 K which would destroy Mylar based super insulation.  The relief 
valves are set at 100 psig (6.89 bar gauge).  For the fire condition it must be ensured that the pressure does not exceed 
121% MAWP.  However the 100 psig (6.89 bar gauge) relief valve set point is below the vessel 150 psig (10.34 bar 
gauge) MAWP.  Thus the flow rating pressure used is 1.10 x (100 + 14.7) - 14.7, or 111.5 psig (7.68 bar gauge).  The 
saturation temperature of liquid argon at 111.5 psig is 114.3 K (205.7 oR).   
 
Two heat transfer mechanisms are considered for the fire condition.  The first mechanism is radiation exchange between 
the vacuum jacket, the aluminum shields, and the inner vessel.  In parallel to radiation, convection thru air filling the 
vacuum space transfers heat to the liquid argon.  Figure 2 details the heat transfer paths. 
 
Several simplifying assumptions were made.  The surface area As for all calculations was taken as the surface area of a 
cylinder (including the top and bottom) whose outside diameter matches the inner diameter of the vacuum jacket.  This is 
conservative because the surface area of the radiation shields and the inner vessel (Ainner) is significantly less than that of 
the vacuum jacket.      
 

€ 

As =
π
4
D( )2

× 2 +πDL =
π
4

23.5 in( )2
× 2 +π × 23.5 in × 75 in = 6,404 in2 = 4.13 m2 = 44.48 ft 2  

 
The inner vessel has a surface area Ainner about 2.75x less than that of the vacuum jacket.   
 

€ 

Ainner =
π
4
D( )2

× 2 +πDL =
π
4

12.75 in( )2
× 2 +π ×12.75 in × 52 in = 2,338 in2 =1.51 m2 =16.24 ft 2  

 
The emissivity of the inner surface of the vacuum jacket and the outer surface of the pressure vessel was taken as 1.0.  
Incropera and Dewitt’s Fundamentals of Heat Transfer, Fourth Edition, lists the emissivity of highly oxidized stainless steel 
as 0.70 at 1,000 K such that 1.0 may be conservative.  The emissivity of each of the highly polished aluminum radiation 
shields was estimated as 0.1.  Incropera and Dewitt give an emissivity of 0.06 for highly polished aluminum at 600 K.   
 

82.0UAFGQ ia =

Ffthr
Btu

o⋅⋅ 2
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All heat transfer equations were solved simultaneously in EES, the program is available in the appendix.  Using the 
vacuum jacket ID temperature and the inner vessel OD temperature as inputs, EES computed the temperature of each 
radiation shield and the corresponding heat flow.  Example calculations are provided below.   
 
Radiation is modeled as exchange between large infinite parallel planes in the following manner where subscript eight 
indicates the inner vessel and subscript seven the innermost radiation shield.  Below is an example radiation calculation:       
 

€ 

qrad78 =
Aσ T7

4 −T8
4( )

1
ε 7

+
1
ε 8

−1
=

4.132 m2 ×
5.67 ×10−8  W
m2 × K 4 × 324.64 −114.34( ) K 4

1
0.1

+
1
1
−1

= 256.1 W . 

 
 
Thermal convection is modeled as cellular flow in a vertical cavity with different sidewall temperatures.  Heat transfer thru 
the horizontal shields above the inner vessel will occur by conduction because the geometry is essentially a horizontal 
cavity heated from above.  Thus using the convective heat transfer coefficients computed for the vertical cavity  
reasonably accounts for heat transfer in the horizontal portion above the inner vessel.  Convective heat transfer thru the 
horizontal shields below the filter vessel is also accounted for using the heat transfer coefficients for the vertical cavity.  A 
check of this assumption occurs in a later section.   
 
For the gap between the inner vessel and the innermost radiation shield (T8 and T7), Incropera and Dewitt’s equation 9.53 
is used to compute the Nusselt number NuL.  
 
 

€ 

NuL = 0.046RaL
1/ 3,    RaL =

gβ T7 −T8( )L3

αυ
,   NuL =

h L
k

,   qconv = h As T7 - T8( )

1 <
H
L

< 40

1 < Pr < 20
106 < RaL <109

& 

' 

( 
( 
( 
( 
( 

) 

* 

+ 
+ 
+ 
+ 
+ 

 

 

where 
 
RaL =  Rayleigh number, dimensionless. 
 

€ 

h  = average heat transfer coefficient, W / (m2 x K). 
 
L =  distance between the heated and cooled surfaces, 0.0794 m ( 3.125 in.) for the gap between the inner vessel and 

the innermost radiation shield.  The gap between the radiation shields themselves and between the outermost 
radiation shield and the vacuum jacket is 0.009525 m (0.375 in.).  These gaps were measured. 

 
k = thermal conductivity of the air in the vacuum space, W / (m x K), evaluated for air at ambient pressure and the 

average temperature of the two enclosure surfaces Tf (average of T7 and T8) by EES. 
 
H =  vertical height of the cavity, 1.651 meters (65 inches). 
 
Pr =  Prandtl number, dimensionless (ratio of the momentum and thermal diffusivities), evaluated at the average 

temperature of the two enclosure surfaces (average of T7 and T8). 
 
g = gravitational acceleration, 9.8 m/s2.   
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β = volumetric thermal expansion coefficient, 1/K, computed as 1 / Tf. 
 
α = thermal diffusivity, m2/s, evaluated for air at ambient pressure and Tf  by EES.   
 
ν = kinematic viscosity, m2/s, evaluated for air at ambient pressure and Tf  by EES.   
 
  
An example calculation is shown below:   
 

€ 

RaL 78 =
gβ78 T7 −T8( )L78

3

α78υ78

=
9.8 m

s2 ×
1

219.4 K
×

324.6 −114.3( ) K
1

×
0.079383  m3

1
×

s
0.00001209m2 ×

s
0.000009036m2 = 4.3 ×107

NuL 78 = 0.046RaL 78
1/ 3 = 0.064 × 4.3 ×107( )1/ 3

=16.12,  h 78 =
NuL 78k78

L78

=
16.12

1
×

0.0195 W
m × K

×
1

0.07938 m
= 3.959 W

m2 × K

qconv78 = 3.959 W
m2 × K

× 4.132 m2 × 324.6 −114.3( ) K = 3,441 W

1 <
H
L

< 40, H78

L78

=
1.651 m

0.07938 m
= 20.8

1 < Pr < 20,  Pr78 = 0.75
106 < RaL <109,  RaL 78 = 4.3 ×107

' 

( 

) 
) 
) 
) 
) 

* 

+ 

, 
, 
, 
, 
, 

 

 

The correlation is applicable based on the H / L ratio and the RaL value, the Prandtl number is just out of the correlation’s 
range.   
 
The radiation and convection heat flows across each gap sum to a total heat flow that is equal across all gaps.   
 
At the gap between the inner vessel and the first radiation shield the heat flow is computed as 
 

€ 

qrad78 + qconv78 = qtotal = 3,441 W + 256.1 W = 3,697 W . 
 
For the smaller gap between the radiation shields themselves and the outermost radiation shield and the vacuum jacket, 
equation 4.91 from the Handbook of Heat Transfer, 3rd Edition, is used to compute the Nusselt number NuL.  
 
 

€ 

NuL = 1+
0.0665RaL

1/ 3

1+
9,000
RaL

" 

# 
$ 

% 

& 
' 

1.4

( 

) 

* 
* 
* 
* 
* 

+ 

, 

- 
- 
- 
- 
- 

2( 

) 

* 
* 
* 
* 
* 

+ 

, 

- 
- 
- 
- 
- 

1/ 2

,     

40 <
H
L

<110

Pr ≈ 0.7

RaL <106

( 

) 

* 
* 
* 
* 
* 

+ 

, 

- 
- 
- 
- 
- 

 
 

An example calculation is shown below where subscript two indicates the outermost radiation shield and subscript one the 
vacuum jacket:   
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€ 

RaL12 =
gβ12 T1 −T2( )L12

3

α12υ12

=
9.8 m

s2 ×
1

902.8 K
×

922 − 883.513( ) K
1

×
0.0095253  m3

1
×

s
0.0001423m2 ×

s
0.0001004m2 = 25.26

NuL12 = 1+
0.0665RaL12

1/ 3

1+
9,000
RaL12

' 

( 
) 

* 

+ 
, 

1.4

- 

. 

/ 
/ 
/ 
/ 
/ 

0 

1 

2 
2 
2 
2 
2 

2- 

. 

/ 
/ 
/ 
/ 
/ 

0 

1 

2 
2 
2 
2 
2 

1/ 2

= 1+
0.0665 25.26( )1/ 3

1+
9,000
25.26
' 

( 
) 

* 

+ 
, 

1.4

- 

. 

/ 
/ 
/ 
/ 

0 

1 

2 
2 
2 
2 

2- 

. 

/ 
/ 
/ 
/ 
/ 

0 

1 

2 
2 
2 
2 
2 

1/ 2

=1,  h 12 =
NuL12k12

L12

=
1
1
×

0.06241 W
m × K

×
1

0.00925 m
= 6.552 W

m2 × K

qconv12 = 6.552 W
m2 × K

× 4.132 m2 × 922 − 883.513( ) K =1,042 W

40 <
H
L

<110, H12

L12

=
1.651 m

0.009525 m
=173

1 < Pr < 20,  Pr12 = 0.71
RaL <106,  RaL12 = 25.26

- 

. 

/ 
/ 
/ 
/ 
/ 

0 

1 

2 
2 
2 
2 
2 

 

 

 
The Nusselt number is 1 which indicates conduction is the primary heat transfer mechanism across the smaller gaps 
between the radiation shields and between the outermost radiation shield and the vacuum jacket.  The Rayleigh number 
of 25.26, which much less than the critical value of 1,708 at which buoyancy forces begin to over come viscous forces, 
suggests that in the horizontal gaps between the radiation shields below the inner vessel heat transfer occurs by 
conduction and thus the heat transfer coefficients calculated for the vertical radiation shield gaps are reasonable to use for 
the lower horizontal shields.   
 
 
The corresponding radiation contribution across the gap between the vacuum jacket and the outermost radiation shield is: 
 

€ 

qrad12 =
Aσ T1

4 −T2
4( )

1
ε1

+
1
ε 2

−1
=

4.132 m2 ×
5.67 ×10−8  W
m2 × K 4 × 9224 − 883.5134( ) K 4

1
1

+
1

0.1
−1

= 2,654.8 W .

 

The total heat flow again sums to: 

 

€ 

qrad12 + qconv12 = qtotal = 2,655 W +1,042 W = 3,697 W .

 
 
 
For the CGA calculation this heat flow must be converted to an overall heat transfer coefficient to the liquid.    
 

  

€ 

h =
q

AΔT
=

3,697 W
4.132 m2 922 −114.3( ) K

×
1

1 W
1 J
sec

×
1 Btu

1055.06 J
×

3600 sec
hr

×
1 m2

10.7639 ft 2 ×
1 K

1.8 R
= 0.195 Btu

hr × ft 2× F
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To calculate the initial estimate of the relief capacity needed, a gas factor, Gi, must be computed.  From page 25 of the 

CGA S-1.3—2008, when the flow rating pressure is less than 40% of the critical pressure ( ), 

the following is used to compute Gi.   

 

 

 
where 
 

L =  Latent heat of product at flow rating pressure, 60.68  for saturated conditions at 126.2 psia . 

. 
C =  Constant for vapor related to ratio of specific heats (k=cp/cv) at standard conditions.  k = 1.67 for Argon at 60 oF 

and 14.696 psia (from EES) which corresponds to C = 378 (Table 4 of CGA S-1.3—2008). 
 
Z =  Compressibility factor for saturated vapor at 126.2 psia 
 

 . 

 
T =  Flow rating temperature, 205.7 oR. 
 
M =  Molecular weight of gas, 39.948 for argon. 
 

v =  specific volume, saturated vapor at flow rating pressure of 126.2 psia, 0.3685 . 

Gi is calculated to be  . 

 
The uncorrected volumetric flow rate was found to be 
 

€ 

Qae =1.0 × 9.69 × 0.195 × 44.480.82 = 42.4 ft 3

min
of free air. 

 
The relief valve is attached to the cryostat thru several feet of piping, thus the correction factor F is calculated according to 
CGA section 6.1.4 
 

 

€ 

126.2psia
705.4 psia

⋅ 100 =17.9%

( )
M
ZT

CL
TGi

−
=

16604.73

mlb
Btu

,RT
PvZ =

€ 

Z =
126.2 lbf

in2
× 0.3685 ft

3

lb
144 in

2

ft 2

1545 ft × lbf
lbmol×oR

39.948 lb
lbmol

× 205.7oR

= 0.842

mlb
ft 3

€ 

73.4 1660 − 205.7( )
378 × 60.68

0.842 × 205.7
39.948

= 9.69

€ 

F =
Pivi
Pv
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where  
 
Pi = Pressure at the inlet of the PRD in lb/in2. 
 
vi =  Specific volume at the inlet of the PRD in ft3/lb. 
 
P = Flow rating pressure, 126.2 psia. 
 
v =  Specific volume of the fluid being relieved at the flow rating pressure and temperature defined in 6.1.3, 0.3685 

ft3/lb for saturated argon vapor at 126.2 psia. 
 
The mass flow rate is calculated using CGA equation 6.1.4 a) 
 

 
 
where  
 
Qae =  Calculated flow capacity using the applicable formula from 6.2, 6.3.2, or 6.3.3 with F = 1.0, 42.4 ft3/min of free air. 
 
W =  Required mass flow rate of lading through the PRD in lbm/hr of the fluid being relieved. 
 
C =  Constant for vapor related to ratio of specific heats (k=cp/cv) at standard conditions.  k = 1.67 for Argon at 60 oF 

and 14.696 psia which corresponds to C = 378. 
 
M =  Molecular weight of the fluid, 39.948 for argon. 
 
T =  Temperature specified in 6.1.3,

 
205.7 oR for saturated argon vapor at 126.2 psia. 

 
Z =  Compressibility factor at the temperature specified in 6.1.3 and flow rating pressure, 0.842. 
 

€ 

W =
QaeC
18.35

M
ZT

=
42.4 × 378
18.35

39.948
0.842 × 205.7

= 419.5 lbm
hr
.
 

 
 
The temperature at the inlet of the PRD is computed from 6.1.4 b) where  
 

 

 
Ti = Temperature at the inlet to the PRD during full flow conditions in degrees Rankine. 
 

€ 

W =
QaeC
18.35

M
ZT

€ 

Ti = 2145 − 2145 −Ts

e
5.24DL
WC p
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Ts =  Temperature specified in 6.1.3 , 205.7 oR. 
 
D = Outside diameter in inches of the line between the container and the PRD, 1.315 inches for the 1 inch SCH 10 

pipe. 
 
L =  Length of piping between the container and PRD, 8 ft. 
 
e = 2.71828, the base of natural logarithms. 
 
W = Required mass flow rate of lading through the PRD, 419.5 lbm/hr. 
 
Cp =  Average specific heat at constant pressure of lading between Ts and 1660 oR, 0.1281 Btu/ (lbm x oR).  This was 

found by fitting a curve to Cp data provided by the NIST Standard Reference Database 23, Version 8.0 and then 
numerically integrating the curve to find the average Cp value.  The details are available in the appendix. 

      
 

Ti = 2145− 2145−Ts

e
5.24DL
WCp

= 2145− 2145− 205.7

e
5.24×1.315×11
419.5×0.1281

=1, 672 oR.
 

 
The pressure at the inlet of the relief valve is calculated using 6.1.4 c) 
 

 
Pi =  Pressure at the inlet of the PRD in lb/in2. 
 
P = Flow rating pressure, 126.2 psia. 
 
f =  Friction factor, calculated using the methods outline in Crane 410 11/2009 edition – see below calculations.   
 
l = Equivalent length of pipe in ft, calculated using the methods of Crane 410 – see below calculations.  

 
W = Required mass flow through the PRD, 419.5 lbm/hr. 
 
v =  Specific volume of the fluid being relieved at the flow rating pressure and average temperature between Ti (1,672 

oR) and Ts (205.7 oR), 2.002 ft3/lb at 126.2 psia and 938.7 oR.    
 
d = Internal diameter of the pipe, 1.097 inches for 1 inch SCH 10 pipe.   
 
 
The path to the relief valve has 11 feet of straight pipe.  In addition to the straight pipe it flows thru five elbows and the 
branch and run of two tees.  Each elbow is a 1 inch SCH 10 short radius elbow which has a r/d of 1.  Thus the K value for 
one bend is 20 x fT from page A-30 of Crane 410.  fT is the friction factor in the zone of complete turbulence which is equal 

€ 

Pi = P − 3.36 ×10−6 flW
2v

d5
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to 0.02224 for clean commercial steel pipe with an inside diameter of 1.097 inches according to the plot on page A-26 of 
Crane 410.   
 
Diverging flow thru the branch of a 90 degree tee has a K value of 60 x fT and flow thru the run of a tee has a K value of 
20 x fT.  A K value of 0.78 is included to account for entrance losses.   
 
The resistance coefficient for straight piping is computed from Crane equation 2-4 which is    
 

 
 
f is computed using the Colebrook equation which is Crane 410 equation 1-20 
 

 
 
The Reynolds number Re is computed using Crane 410 equation 6-3 where the dynamic viscosity µ was calculated by 
EES to be 0.03523 centipoise at 126.2 psia and the average temperature between Ti and Ts of 938.7 oR.   
 

Re = 6.315
W
dµ

= 6.315 419.5
1.097×0.03523

= 68,554.
 

 
ε, the absolute roughness, was estimated as 0.00015 using the data on Crane 410 page A-24 for commercial steel.    
 
Using EES to solve the implicit equation Colebrook, f was computed as 0.02018 (see appendix for EES program).   
 
 
Thus the total resistance between the vessel and the relief valve is computed as 
 

K = 5×20 fT + 20 fT + 60 fT + 0.78+ f L
D
= 5×20×0.01321+ 20×0.01321+ 60×0.01321+ 0.78+ 0.2018 11 ft

1.097 in

12 in
ft

= 5.585.

 

The equivalent length of straight pipe is then calculated as follows: 
 

L = KD
f
=

5.584×1.097 in

12 in
ft

.02018
= 25.3 ft

  
 
The inlet pressure drop is then calculated as 
 

Pi =126.2−3.36×10−6 flW 2v
d 5 =

0.02018×25.3× 419.52 ×2.002
1.0975 =126.2− 0.380 =125.819 psia.

 
 

€ 

K = f L
D
.

€ 

1
f

= −2.0log
ε
3.7D

+
2.51
Re f

$ 

% 
& 

' 

( 
) .
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The specific volume of the vapor at the relief valve inlet conditions of 125.819 psia and 1,672 oR, vi, is 3.572 ft3/lbm.   
 
The correction factor F is then calculated  per 6.1.4 e). 
 

F = Pivi
Pv

=
125.819×3.572
126.2×0.3685

= 3.109
 

 

Qae = 3.109×9.69×0.195× 44.480.82 =132 ft3

min
 of  free air.

 
 
 
The Rockwood Swendeman model 710NBEF-A relief valve protecting the cryostat has a discharge capacity of 
282 cubic feet per minute of air at 10% overpressure beyond its 100 psig set point and thus should easily handle 
the fire case.  Relief valve data available in the appendix.   
 
Filter Bed and Screen Pressure Drop (identical to LAPD calculation) 
 
As an additional check, pressure drop thru the filter bed and the screen used to retain the filter material is estimated to 
ensure that it is negligible.  The fire case, which generates the largest mass flow rate, assumes a filter vessel full of liquid 
argon such that the saturated vapor generated due to this peak mass flow case does not have to travel the entire length of 
the filter bed to reach the relief valve.  To be conservative pressure drop thru the filter beds is calculated assuming the 
argon gas has warmed from the flow rating temperature of 114.3 K to 300 K and its assumed that the all the vapor 
generated passes thru the entire filter bed.          
 
The filter pressure drop equation is taken from Union Carbide Molecular Sieve literature which is available in the 
appendix.  
 

€ 

ΔPfilter =
fTCtG

2L
ρ filterDp

,  

 
where 
 

fT  = friction factor determined from the modified Reynolds’s number of 

€ 

Remod =
DpG
µ filter

 and plot in the Union Carbide 

Molecular Sieve literature   
 
Ct  = pressure drop coefficient determined from plot in Union Carbide literature for external void fraction of 0.37, 3.6 x 

10-10 
 
W = argon mass flow rate, 419.5 lb/hr for the fire case 
 

G  = superficial mass velocity, 

€ 

G =
W
Afilter

=
419.5 lb

hr
0.8373 ft 2

= 501.02 lb
hr⋅ ft 2

 

 
Afilter = cross-sectional area of the filter, 0.8373 ft2 (12.39 in. ID for 12 inch SCH 10 pipe) 
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µfilter = argon gas viscosity, 0.05534 lb/(ft*hr) (argon gas at 80.3 oF and 126.2 psia) 
 
Dp = effective particle diameter of filter material, Dp = 0.00336 ft. for oxygen filter material, Dp = 0.00666 ft. for 

molecular sieve material. 
 
L = length of filter bed, 3.33 ft. 
 
ρfilter = argon gas density, 0.874 lb / ft3 (argon gas at 80.3 oF and 126.2 psia) 
 
The modified Reynolds number for each filter is 
 

€ 

Remod,oxygen =
.00336 ft( )

0.05534 lb
ft⋅ hr

501.02lb
hr⋅ ft 2 = 30.4, Remod,molecular sieve =

.00666 ft( )
0.05534 lb

ft⋅ hr

501.02lb
hr⋅ ft 2 = 60.3. 

 
Based on the modified Reynolds numbers, fT is 2.55 the oxygen filter and 1.78 for the molecular sieve.  
 

€ 

ΔPoxygen =
2.55 × 3.6 ×10−10 × 501.022 × 3.33

0.874 × 0.00336
= 0.261 psi  

 

€ 

ΔPmolecular =
1.78 × 3.6 ×10−10 × 501.022 × 3.33

0.874 × 0.00666
= 0.092 psi

 
 
Thus the pressure drop thru the filter beds themselves is negligible and in reality would likely be much lower due to colder 
vapor temperatures and the fact that not all of the vapor would have to pass thru the entire bed.  In this application the 
filter material will mix such that the pressure drop calculated for the oxygen material is an upper limit.   
 
Vapor generated during a relief event must pass thru the filter material retention screens.  The screen is shown in FNAL 
drawing # 489456.  The screen assembly consists of two slotted plates sandwiching two screens.  Using ImageJ software 
the slot open area was calculated as 32 in2 = 0.222 ft2.  Item 4 in drawing # 489456 will be referred to as screen 1 for 
calculation purposes and has a 60 x 60 mesh, 0.0075” wire diameter, 0.009” opening width, and 30.5% open area. Item 3 
in drawing # 489456 will be referred to as screen 2 for calculation purposes and has a 8 x 8 mesh, 0.035” wire diameter, 
0.09” opening width, and 51.8% open area.   
 
The 5th edition of the Chemical Engineers’ Handbook by Perry and Chilton has an equation for pressure drop thru screens 
on page 5-37.  It states that flow thru a screen can be considered as flow thru a number of orifices or nozzles in parallel.  
It also notes that for a series of screens the over-all head loss is directly proportional to the number of screens in series 
and is not affected by either the spacing between successive screens or by their orientation with respect to one another.   
 
Since the two screens are different sizes, the pressure drop will be calculated individually across each screen using 
equation 5-100 from the Chemical Engineers’ Handbook.   
 

€ 

Δh =
n
C2

# 

$ 
% 

& 

' 
( 
1−α 2

α 2

# 

$ 
% 

& 

' 
( 
V 2

2gc

# 

$ 
% 

& 

' 
( 
 

 
Δh = head lost, ft. of fluid flowing 
 
n = number of screens in series, dimensionless, 1 because the screens are calculated individually 
 
C = screen discharge coefficient, dimensionless,s  C is a function screen Reynolds number NRe 
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α = fractional free projected area of the screen, dimensionless, 0.305 for screen 1 and 0.518 for screen 2 
 
V = superficial velocity ahead of screen, ft/sec 
 
gc = dimensional constant, 32.17 (lb.)(ft.)/((lb. force)(sec2) 
 

€ 

NRe =
DsVρ
αµ  

 
Ds = aperture width, 0.00075 ft. for screen 1 and 0.0075 ft. for screen 2 
 
ρ = fluid density, 0.874 lb/ft3 for argon gas at 126.2 psia and 80.3 oF 
 
µ = fluid viscosity, 0.00001537 lb/ft-sec for argon gas at 126.2 psia and 80.3 oF 
    
The superficial velocity ahead of the screen is calculated from the fire relief event mass flow rate and the open slot area 
 

€ 

V =
W

ρ × Ascreen

= 419.5 lb
hr

×
1 hr

3600 sec
×

ft 3

0.874lb
×

1
0.222 ft 2 = 0.6 ft

sec
. 

 
The screen Reynolds number for screen 1 is 
 

€ 

NRe =
0.00075 × 0.6 × 0.874
0.305 × 0.00001537

= 83.9
 

 
and the screen Reynolds number for screen 2 is 
 

€ 

NRe =
0.0075 × 0.6 × 0.874
0.518 × 0.00001537

= 494
 

 
such that the screen discharge coefficient C is 0.7852 for screen 1 and 1.155 for screen 2 according to figure 5-44 
Chemical Engineers’ Handbook. 
 
The pressure drop for screen 1 is then  
 

€ 

Δh =
1

0.78522

# 

$ 
% 

& 

' 
( 

1− 0.3052

0.3052

# 

$ 
% 

& 

' 
( 

0.62

2 × 32.2
# 

$ 
% 

& 

' 
( = 0.088 ft = 0.088 ft × 0.874 lb

ft 3 ×
1 ft 2

144 in2 = 0.0005psi
 

 
and for screen 2 is

 

 

€ 

Δh =
1

1.1552

# 

$ 
% 

& 

' 
( 

1− 0.5182

0.5182

# 

$ 
% 

& 

' 
( 

0.62

2 × 32.2
# 

$ 
% 

& 

' 
( = 0.011 ft = 0.011 ft × 0.874 lb

ft 3 ×
1 ft 2

144 in2 = 0.000067psi.
 

 
Thus the filter material retention screens are not a significant restriction during a relieving event.  

 

 
Loss of Vacuum Condition  
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Because the fire condition includes atmospheric air in the vacuum space, the preceding fire calculation also indicates the 
relief capacity is more than adequate for an operational loss of insulating vacuum.   
 
Vapor Generation Due to Filter Regeneration Gas Heaters 
 
Two Omega model AHPF-122 gas heaters (HTR-412-A & HTR-416-A), mounted externally with respect to the filter vessel 
assembly, can heat argon or a non-flammable mixture of hydrogen/argon from room temperature to 200 C to regenerate 
the filters.  The premixed hydrogen/argon is supplied by a tube trailer.  The tube trailer supply is relieved by PSV-406-H 
set at 100 psig such that the hydrogen/argon regeneration gas supply cannot over pressurize the filter vessels.  PSV-406-
H is identical to the relief valves protecting the filter pressure vessel such that its capacity of 282 SCFM at 100 psig air 
exceeds the 150 SCFM capacity of the Matheson Model 3201 pressure regulator connected to the tube trailer, PRV-400-
H.  See appendix for regulator details.   
 
Temperature of the Inner Vessel 
 
Although the filter regeneration gas flow cannot over pressurize the vessels, it must also be shown that the code stamped 
upper temperature limit of +932 oF cannot be exceeded.  In addition to PLC PID heater control, a hardwired temperature 
interlock on each heater protects the filter vessels (TE-417-A and TE-413-A).  These are hardwired temperature interlocks 
that are independent of the PLC and drop the heater AC power if the measured temperature exceeds +572 oF.  To restart 
the heater AC power the temperature must drop below +572 oF and a physical reset button must be pushed.  Operational 
experience at LAPD has shown that the heaters are marginal with respect to reaching the desired +392 oF regeneration 
temperature such that exceeding the +932 oF rating of the inner vessel is not operationally possible.     
 
Filling of the LArIAT Cryostat 
 
Liquid argon used to fill the LArIAT cryostat will pass thru the filter vessels detailed in this pressure vessel note.  The 
supply liquid argon tank has its primary reliefs set at 100 psig such that the MAWP of the filter cannot be exceeded.   
 
Filter Vessel Vacuum Relief (identical to LAPD calculation) 
 
The filter vessel is contained within its own insulating vacuum.  Vacuum breaks prevent communication between the filter 
vessel insulating vacuum and any piping insulating vacuum.  The parallel plate relief is installed without springs.  
According to Eden Cryogenics drawing BC-02128-0103 the outside diameter of the parallel plate top plate is 5.5 in2, the 
thickness is 0.5 in, and the material 304 stainless, which has a density of 0.28 lb/in3.  The weight of the parallel plate top 
relief is  
 

€ 

π
4

5.52( ) in2 × 0.5 in × 0.28 lb
in 3 = 3.33 lb. 

 
Eden drawing BC-02128-5875 dimensions the sealing o-ring diameter as 4.137 inches.  Thus the force required to lift the 
top plate is the weight of the plate divided by the internal area against which pressure acts: 
 

€ 

3.33 lb
π
4

4.1372( ) in2
= 0.25 lb

in2 . 

 
Thus the cracking pressure of the parallel plate relief is 0.25 psi.   
 
According to the CGA S-1.3—2008 5.4, the area of a vacuum relief in sq. in. should be 0.00024 in2/lb of vessel water 
capacity.  The density of water is about 8.34 lb/gal.  The vacuum jacket volume is estimated as a cylinder of 24 inch SCH 
10 pipe 75 inches tall (the displacement of the inner vessel is ignored).   
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€ 

π
4

23.52( ) in2 × 75 in × 1gal
231 in3 ×

8.34 lb
gal

=1,174.5 lb water capacity. 

 
Thus the required vacuum relief area is 
 

€ 

0.00024
in2

lb
×1,174.5 lb = 0.28 in2. 

 
The parallel plate is sits atop a 3 inch SCH 10 pipe.  The vacuum relief flow area is  
 

€ 

π
4

3.262( ) in2 = 8.35 in2

 
 
which is much larger than the required 0.28 in2 such that the vacuum jacket is adequately relieved according to CGA S-
1.3—2008 5.4. 
 
Condensation (identical to LAPD calculation) 
 
The saturation temperature that corresponds to the relieving pressure of the liquid argon is 114.3 K.  This temperature is 
above the boiling point of nitrogen (77.4 K) or oxygen (90.2 K) such that condensation of the major components of air will 
not occur.   
 
At atmospheric pressure carbon dioxide deposits directly to a solid.  Air contains about 388 ppm CO2 by volume.  The 
heat of sublimation of CO2 is 199,000 J/kg.  The density of CO2 at standard conditions (70 oF & 14.7 psia)  is 0.114 lb/ft3.  
The air flow required to deposit CO2 on the surface of the liquid argon vessel at a rate equal to the 3,697 W fire case heat 
load is calculated as follows   
 

€ 

3,697 J
s
×

kgCO2

199,000 J
×

2.2 lbCO2

1 kgCO2

×
60 s
min

×
ftCO2

3

0.114 lbCO2

×
1 ftair

3

338 ×10−6 ftCO2

3 = 63,643 ftair
3

min
.
 

 
It is not possible for 63,643 SCFM of air to flow into the vacuum jacket to provide CO2 for this rate of sublimation. 
 
  
The latent heat of condensation for water at 70 oF is 2,455,000 J/kg-K.  At 70 oF saturated air contains 0.00109 lb of water 
per cubic foot of air.  Thus to condense the moisture in air at a rate that corresponds to the fire case heat input requires an 
air flow of 
 

€ 

3,697 J
s
×

kgH2O

2,455,000 J
×

2.2 lbH2O

1 kgH2O

×
60 s
min

×
ftair

3

0.001086 lbH2O

=183
ftair

3

min
.
 

 
Once the moisture is removed from the air in the 19 ft3 vacuum jacket, there is no mechanism to displace stagnant dry air 
in the vacuum jacket with a 183 SCFM flow of fresh moist air.   
 
Vent Pressure Drop for PSV-109-A 
 
The relief valves for the filter vessel vents into the room.   
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Vacuum space filled with air 

Stainless steel vacuum jacket at 922 K (1,200 F) 

Six highly polished aluminum radiation shields 

 

 
Stainless steel vacuum jacket at 114.3 K (-254 F) 

Liquid argon at a flow rating pressure of 8.7 bar 
absolute (126.2 psia) 

ε1 = 1.0, T1 = 922 K input 
ε2 = 0.1, T2 = 883.5 K 
ε3 = 0.1, T3 = 817.9 K 
ε4 = 0.1, T4 = 740.4 K 
ε5 = 0.1, T5 = 644.9 K 
ε6 = 0.1, T6 = 518.4 K 
ε7 = 0.1, T7 = 324.6 K 
ε8 = 1.0, T8 = 114.3 K, input 

24 inch SCH 10 pipe 

12 inch SCH 10 pipe 

1.91 m 

(75 in) 

Heat transfer from the ambient to the liquid 
argon by combined convection and radiation 

Calculated 
temperatures 

qtotal = 3,697 W, calculated heat flow 

~ 0.009525 meter spacing (0.375 inches) 

 

 

0.60 meter ID (23.5 inches) 

0.32 meter OD (12.75 inches) 

Figure 1:  Dimensions, properties, and results for the fire case relief valve calculation. 

LAPD filter vessel –  

Eden Cryogenics drawing BC-02128-5800-01 

100 psig ASME code stamp relief valve 

~ 0.0794 meter spacing (3.125 inches) 

 

 

Heated surface 

Cooled surface 

Adiabatic surface 

Convection modeled 
as cellular flow in a 
vertical cavity. 

L 

H 

1.65 m 

(65 in) 
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Figure 2:  Heat transfer resistance network for the fire case.   

q_total 

€ 

qrad _12 =
Aσ T1

4 −T2
4( )

1
ε1

+
1
ε 2

−1

€ 

q_ total = qrad _12 + qconv _12
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Ordering Information
In-Line Regulator Models

Delivery Pressure      Delivery Pressure  
Model Number Range Gauge    

Stainless Steel Models

3200 0-50 psig 0-100 psig

3201 0-100 psig 30”-0-200 psig

3203 0-150 psig 30”-0-300 psig

3204 0-250 psig 0-400 psig

Brass Models

3240 0-50 psig 0-100 psig

3241 0-100 psig 30”-0-200 psig

3243 0-150 psig 0-400 psig

3244 0-250 psig 0-400 psig

Cylinder Regulator Models
Delivery Pressure Delivery Pressure  Cylinder Pressure

Model Number Range Gauge    Gauge

Stainless Steel Models

3200-CGA 0-50 psig 0-100 psig 0-3000 psig

3201-CGA 0-100 psig 30"-0-200 psig 0-3000 psig

3203-CGA 0-150 psig 30"-0-300 psig 0-3000 psig

3204-CGA 0-250 psig 0-400 psig 0-3000 psig

Brass Models

3240-CGA 0-50 psig 0-100 psig 0-3000 psig

3241-CGA 0-100 psig 30"-0-200 psig 0-3000 psig

3243-CGA 0-150 psig 0-400 psig 0-3000 psig

3244-CGA 0-250 psig 0-400 psig 0-3000 psig
Available CGA’s:
Brass: 320, 346, 580, 590
Stainless Steel: 320, 326, 330, 346, 580, 590, 660, 705

Options
Model Number    Description
63-2233 Inlet Pressure Gauge, 0-3000 psig – 
316 Stainless Steel Gauge For use with Model 3200-3204

Stainless Steel In-Line Regulators
63-3133 Inlet Pressure Gauge, 0-3000 psig –
Chrome Plated Brass Gauge For use with Model 3240-3244 

Brass In-Line Regulators

KIT-0204-SA Panel Mounting Kit

MSP-0012-XX Inboard Helium Leak Rate Certification

MSP-0013-XX Combination Inboard/Outboard Helium 
Leak Rate Certification

Model 3200 Series 
Single-Stage High-Purity/High Flow Brass and Stainless Steel Regulator

Description
High-purity regulators for use with high flow rate applications.

Applications
• Applications requiring a high flow rate, such as purging of large

reactor or storage vessels.

Design Features/Components
• High-purity nickel plated brass barstock or 316 stainless steel 

body
• 316 stainless steel diaphragm
• Panel mountable
• Bonnets are ported and threaded to pipe gases away 

from the work area
• Available as an in-line regulator or a cylinder regulator 

Materials of Construction
Body: 316 stainless steel or nickel plated 

brass barstock
Bonnet: Stainless steel
Diaphragm: Teflon lined 316 stainless steel
Seat: Kel-F 81
Seals: Teflon

Specifications
In-Line Regulator Cylinder Regulator

Maximum Inlet Pressure: 3000 psig 3000 psig 
(20,700 kPa) (20,700 kPa)

Maximum Flow Rate: See Table Below*
Flow Capacity (Cv): 1.0 1.0
Operating Temperature: -40°F to 165°F -40°F to 165°F 

(-40°C to 74°C) (-40°C to 74°C)
Inlet Ports: 1/2" NPT Female 1/2" NPT Female
Outlet Ports: 1/2" NPT Female 1/2" NPT Female
Outlet Connection: None 1/2" tube fitting
Gauge Ports: 1/4" NPT Female 1/4" NPT Female
Bonnet Vent Port: 1/16" FNPT 1/16" FNPT
Shipping Weight: 4 lbs 5 lbs

* Maximum Flow Rates for In-Line Regulators and Cylinder
Regulators (at 2500 psig inlet pressure)

Delivery Pressure Flow Rate
50 psig 100 SCFM (2832 SLPM) 

100 psig 150 SCFM (4248 SLPM)
125 psig 200 SCFM (5664 SLPM)
200 psig 250 SCFM (7080 SLPM)
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File:filter_vessel_relief_valve_calcs_v2_with_convection.EES 2/27/2011 9:03:17 PM  Page 1
EES Ver. 8.378: #2527:  For use only by Terry Tope, FERMILAB, Batavia, IL

{Relief valve calculations for the fire conditions for the LAPD filter vessels}
{Considers both radiation between surfaces and convection between surfaces}

L_gap = 0.009525  {m, gap between the filter vessel wall and the radiation shields, vacuum jacket ID is 23.5" and filter vessel OD of
 12.75" OD, gap was measured as roughly 3/8 inch}

L_gap_inches = 0.009525*39.37   {convert gap from meters to inches}

{------------------------------------------------------------------------------------------------------------------------}
qrad_12 = As*sigma*(T_1^4 - T_2^4)/(1/epsilon_1 + 1/epsilon_2 - 1)   {W, radiation exchange between the vacuum jacket and the
 outer shield}

qrad_12+ qconv_12 = q_total  {W, total heat flow from outer to inner vessel}

{convection between the vacuum jacket and the outer shield}

Ra_L12= g*Beta12*(T_1-T_2)*L12^3/ ( alpha12*nu12)   {Rayleigh Number}

Beta12 = 1 / T_film12     {1/K, volumetric thermal expansion coefficient}

T_film12 = (T_1+ T_2)/2   {K, average temperaure of the two enclosure surfaces used for property evaluation}

L12= L_inches12/39.37     {m, length of the gap between the two surfaces}

L_inches12 = 0.375   {in, length of the gap between the two surfaces}

alpha12 = k12 / (rho12*Cp12)  {m2/s, thermal diffusivity, thermal dffusivity relationship}

mu12 = rho12*nu12      {kg/ s*m,  relationship between dynamic and kinematic viscosity }

k12 = Conductivity(Air,T=T_film12)   {W/m*K, thermal conductivity of the air in the vacuum space, evaluated for air at ambient
pressure and the average temperature of the two enclosure surfaces }

rho12= Density(Air,T=T_film12,P=Patm12)  {kg/m^3, density of the air in the vacuum space, evaluated for air at ambient pressure and
 the average temperature of the two enclosure surfaces }

Patm12= 1.01325  {bar, pressure in the vacuum jacket}

Cp12 =Cp(Air,T=T_film12)   {J/kg-K, specific heat of the air in the vacuum jacket at constant pressure}

mu12 =Viscosity(Air,T=T_film12)  {kg/ s*m,  viscosity }

H_over_L_ration12 = H_inches12/ L_inches12  {dimensionless, ratio of the cavity height H to the cavity gap L}

H_inches12 = 65   {inches, height of the cavity}

H12= H_inches12/39.37    {meters, height of the cavity}

Pr12= nu12/alpha12  {Prandtl number, dimensionless, ratio of the momentum and thermal diffusivities, nu over alpha}

Nus_12 = hbar12*L12/k12   {Nusselt number, dimensionless temperature gradient at the surface}

qconv_12 = hbar12*As*(T_1-T_2)  {W, convective heat transfer rate between opposite cavity walls}

{equation 4.91Handbook of Heat Transfer 3rd Edition}
Nus_12= ( 1 +  (   ((0.0665*Ra_L12^(1/3))  /  (1+(9000/Ra_L12)^1.4 ) )^2  ))^(1/2)   {correlation for Pr~0.7, validated for Ra < 10^6 and
 40 < H/L < 110, H/L is computed as 173 so its out of range, Shewen et al }
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Nus_12_check_horizontal = 0.069*(Ra_L12^(1/3) )*(Pr12^0.074)

{------------------------------------------------------------------------------------------------------------------------}
qrad_23 = As*sigma*(T_2^4 - T_3^4)/(1/epsilon_2 + 1/epsilon_3 - 1)

qrad_23+ qconv_23 = q_total {W, total heat flow from outer to inner vessel}

{convection between radiation shields}

Ra_L23= g*Beta23*(T_2-T_3)*L23^3/ ( alpha23*nu23)   {Rayleigh Number}

Beta23 = 1 / T_film23     {1/K, volumetric thermal expansion coefficient}

T_film23= (T_2+ T_3)/2   {K, average temperaure of the two enclosure surfaces used for property evaluation}

L23= L_inches23/39.37     {m, length of the gap between the two surfaces}

L_inches23 = 0.375   {in, length of the gap between the two surfaces}

alpha23 = k23 / (rho23*Cp23)  {m2/s, thermal diffusivity, thermal dffusivity relationship}

mu23 = rho23*nu23      {kg/ s*m,  relationship between dynamic and kinematic viscosity }

k23 = Conductivity(Air,T=T_film23)   {W/m*K, thermal conductivity of the air in the vacuum space, evaluated for air at ambient
pressure and the average temperature of the two enclosure surfaces }

rho23= Density(Air,T=T_film23,P=Patm23)  {kg/m^3, density of the air in the vacuum space, evaluated for air at ambient pressure and
 the average temperature of the two enclosure surfaces }

Patm23= 1.01325  {bar, pressure in the vacuum jacket}

Cp23 =Cp(Air,T=T_film23)   {J/kg-K, specific heat of the air in the vacuum jacket at constant pressure}

mu23 =Viscosity(Air,T=T_film23)  {kg/ s*m,  viscosity }

H_over_L_ration23= H_inches23/ L_inches23  {dimensionless, ratio of the cavity height H to the cavity gap L}

H_inches23 = 65   {inches, height of the cavity}

H23= H_inches23/39.37    {meters, height of the cavity}

Pr23= nu23/alpha23  {Prandtl number, dimensionless, ratio of the momentum and thermal diffusivities, nu over alpha}

Nus_23 = hbar23*L23/k23   {Nusselt number, dimensionless temperature gradient at the surface}

qconv_23 = hbar23*As*(T_2-T_3)  {W, convective heat transfer rate between opposite cavity walls}

{equation 4.91Handbook of Heat Transfer 3rd Edition}
Nus_23= ( 1 +  (   ((0.0665*Ra_L23^(1/3))  /  (1+(9000/Ra_L23)^1.4 ) )^2  ))^(1/2)   {correlation for Pr~0.7, validated for Ra < 10^6 and
 40 < H/L < 110, H/L is computed as 173 so its out of range }

{------------------------------------------------------------------------------------------------------------------------}
qrad_34 = As*sigma*(T_3^4 - T_4^4)/(1/epsilon_3 + 1/epsilon_4 - 1)
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qrad_34+ qconv_34 = q_total  {W, total heat flow from outer to inner vessel}

{convection between radiation shields}

Ra_L34= g*Beta34*(T_3-T_4)*L34^3/ ( alpha34*nu34)   {Rayleigh Number}

Beta34 = 1 / T_film34     {1/K, volumetric thermal expansion coefficient}

T_film34 = (T_3+ T_4)/2   {K, average temperaure of the two enclosure surfaces used for property evaluation}

L34= L_inches34/39.37     {m, length of the gap between the two surfaces}

L_inches34 = 0.375   {in, length of the gap between the two surfaces}

alpha34 = k34 / (rho34*Cp34)  {m2/s, thermal diffusivity, thermal dffusivity relationship}

mu34 = rho34*nu34      {kg/ s*m,  relationship between dynamic and kinematic viscosity }

k34 = Conductivity(Air,T=T_film34)   {W/m*K, thermal conductivity of the air in the vacuum space, evaluated for air at ambient
pressure and the average temperature of the two enclosure surfaces }

rho34= Density(Air,T=T_film34,P=Patm34)  {kg/m^3, density of the air in the vacuum space, evaluated for air at ambient pressure and
 the average temperature of the two enclosure surfaces }

Patm34= 1.01325  {bar, pressure in the vacuum jacket}

Cp34 =Cp(Air,T=T_film34)   {J/kg-K, specific heat of the air in the vacuum jacket at constant pressure}

mu34 =Viscosity(Air,T=T_film34)  {kg/ s*m,  viscosity }

H_over_L_ration34 = H_inches34/ L_inches34  {dimensionless, ratio of the cavity height H to the cavity gap L}

H_inches34 = 65   {inches, height of the cavity}

H34= H_inches12/39.37    {meters, height of the cavity}

Pr34= nu34/alpha34  {Prandtl number, dimensionless, ratio of the momentum and thermal diffusivities, nu over alpha}

Nus_34 = hbar34*L34/k34   {Nusselt number, dimensionless temperature gradient at the surface}

qconv_34 = hbar34*As*(T_3-T_4)  {W, convective heat transfer rate between opposite cavity walls}

{equation 4.91Handbook of Heat Transfer 3rd Edition}
Nus_34= ( 1 +  (   ((0.0665*Ra_L34^(1/3))  /  (1+(9000/Ra_L34)^1.4 ) )^2  ))^(1/2)   {correlation for Pr~0.7, validated for Ra < 10^6 and
 40 < H/L < 110, H/L is computed as 173 so its out of range }

{------------------------------------------------------------------------------------------------------------------------}
qrad_45 = As*sigma*(T_4^4 - T_5^4)/(1/epsilon_4 + 1/epsilon_5 - 1)

qrad_45+ qconv_45 = q_total   {W, total heat flow from outer to inner vessel}

{convection between radiation shields}

Ra_L45= g*Beta45*(T_4-T_5)*L45^3/ ( alpha45*nu45)   {Rayleigh Number}

Beta45 = 1 / T_film45     {1/K, volumetric thermal expansion coefficient}
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T_film45 = (T_4+ T_5)/2   {K, average temperaure of the two enclosure surfaces used for property evaluation}

L45= L_inches12/39.37     {m, length of the gap between the two surfaces}

L_inches45= 0.375   {in, length of the gap between the two surfaces}

alpha45 = k45/ (rho45*Cp45)  {m2/s, thermal diffusivity, thermal dffusivity relationship}

mu45 = rho45*nu45      {kg/ s*m,  relationship between dynamic and kinematic viscosity }

k45 = Conductivity(Air,T=T_film45)   {W/m*K, thermal conductivity of the air in the vacuum space, evaluated for air at ambient
pressure and the average temperature of the two enclosure surfaces }

rho45= Density(Air,T=T_film45,P=Patm45)  {kg/m^3, density of the air in the vacuum space, evaluated for air at ambient pressure and
 the average temperature of the two enclosure surfaces }

Patm45= 1.01325  {bar, pressure in the vacuum jacket}

Cp45 =Cp(Air,T=T_film45)   {J/kg-K, specific heat of the air in the vacuum jacket at constant pressure}

mu45 =Viscosity(Air,T=T_film45)  {kg/ s*m,  viscosity }

H_over_L_ration45 = H_inches45/ L_inches45  {dimensionless, ratio of the cavity height H to the cavity gap L}

H_inches45 = 65   {inches, height of the cavity}

H45= H_inches12/39.37    {meters, height of the cavity}

Pr45= nu45/alpha45  {Prandtl number, dimensionless, ratio of the momentum and thermal diffusivities, nu over alpha}

Nus_45 = hbar45*L45/k45   {Nusselt number, dimensionless temperature gradient at the surface}

qconv_45 = hbar45*As*(T_4-T_5)  {W, convective heat transfer rate between opposite cavity walls}

{equation 4.91Handbook of Heat Transfer 3rd Edition}
Nus_45= ( 1 +  (   ((0.0665*Ra_L45^(1/3))  /  (1+(9000/Ra_L45)^1.4 ) )^2  ))^(1/2)   {correlation for Pr~0.7, validated for Ra < 10^6 and
 40 < H/L < 110, H/L is computed as 173 so its out of range }
{------------------------------------------------------------------------------------------------------------------------}

qrad_56 = As*sigma*(T_5^4 - T_6^4)/(1/epsilon_5 + 1/epsilon_6 - 1)

qrad_56+ qconv_56 = q_total   {W, total heat flow from outer to inner vessel}

{convection between radiation shields}

Ra_L56= g*Beta56*(T_5-T_6)*L56^3/ ( alpha56*nu56)   {Rayleigh Number}

Beta56 = 1 / T_film56     {1/K, volumetric thermal expansion coefficient}

T_film56 = (T_5+ T_6)/2   {K, average temperaure of the two enclosure surfaces used for property evaluation}

L56= L_inches12/39.37     {m, length of the gap between the two surfaces}

L_inches56= 0.375   {in, length of the gap between the two surfaces}

alpha56= k56/ (rho56*Cp56)  {m2/s, thermal diffusivity, thermal dffusivity relationship}
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mu56 = rho56*nu56      {kg/ s*m,  relationship between dynamic and kinematic viscosity }

k56 = Conductivity(Air,T=T_film56)   {W/m*K, thermal conductivity of the air in the vacuum space, evaluated for air at ambient
pressure and the average temperature of the two enclosure surfaces }

rho56= Density(Air,T=T_film56,P=Patm56)  {kg/m^3, density of the air in the vacuum space, evaluated for air at ambient pressure and
 the average temperature of the two enclosure surfaces }

Patm56= 1.01325  {bar, pressure in the vacuum jacket}

Cp56 =Cp(Air,T=T_film56)   {J/kg-K, specific heat of the air in the vacuum jacket at constant pressure}

mu56 =Viscosity(Air,T=T_film56)  {kg/ s*m,  viscosity }

H_over_L_ration56 = H_inches56/ L_inches56  {dimensionless, ratio of the cavity height H to the cavity gap L}

H_inches56 = 65   {inches, height of the cavity}

H56= H_inches56/39.37    {meters, height of the cavity}

Pr56= nu56/alpha56  {Prandtl number, dimensionless, ratio of the momentum and thermal diffusivities, nu over alpha}

Nus_56 = hbar56*L56/k56   {Nusselt number, dimensionless temperature gradient at the surface}

qconv_56 = hbar56*As*(T_5-T_6)  {W, convective heat transfer rate between opposite cavity walls}

{equation 4.91Handbook of Heat Transfer 3rd Edition}
Nus_56= ( 1 +  (   ((0.0665*Ra_L56^(1/3))  /  (1+(9000/Ra_L56)^1.4 ) )^2  ))^(1/2)   {correlation for Pr~0.7, validated for Ra < 10^6 and
 40 < H/L < 110, H/L is computed as 173 so its out of range }
{------------------------------------------------------------------------------------------------------------------------}
qrad_67 = As*sigma*(T_6^4 - T_7^4)/(1/epsilon_6 + 1/epsilon_7 - 1)

qrad_67+ qconv_67 = q_total   {W, total heat flow from outer to inner vessel}

{convection between radiation shields}

Ra_L67= g*Beta67*(T_6-T_7)*L67^3/ ( alpha67*nu67)   {Rayleigh Number}

Beta67 = 1 / T_film67     {1/K, volumetric thermal expansion coefficient}

T_film67= (T_6+ T_7)/2   {K, average temperaure of the two enclosure surfaces used for property evaluation}

L67= L_inches12/39.37     {m, length of the gap between the two surfaces}

L_inches67 = 0.375   {in, length of the gap between the two surfaces}

alpha67 = k67 / (rho67*Cp67)  {m2/s, thermal diffusivity, thermal dffusivity relationship}

mu67 = rho67*nu67      {kg/ s*m,  relationship between dynamic and kinematic viscosity }

k67 = Conductivity(Air,T=T_film67)   {W/m*K, thermal conductivity of the air in the vacuum space, evaluated for air at ambient
pressure and the average temperature of the two enclosure surfaces }

rho67= Density(Air,T=T_film67,P=Patm67)  {kg/m^3, density of the air in the vacuum space, evaluated for air at ambient pressure and
 the average temperature of the two enclosure surfaces }
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Patm67= 1.01325  {bar, pressure in the vacuum jacket}

Cp67 =Cp(Air,T=T_film67)   {J/kg-K, specific heat of the air in the vacuum jacket at constant pressure}

mu67 =Viscosity(Air,T=T_film67)  {kg/ s*m,  viscosity }

H_over_L_ration67 = H_inches67/ L_inches67  {dimensionless, ratio of the cavity height H to the cavity gap L}

H_inches67 = 65   {inches, height of the cavity}

H67= H_inches67/39.37    {meters, height of the cavity}

Pr67= nu67/alpha67  {Prandtl number, dimensionless, ratio of the momentum and thermal diffusivities, nu over alpha}

Nus_67 = hbar67*L67/k67   {Nusselt number, dimensionless temperature gradient at the surface}

qconv_67 = hbar67*As*(T_6-T_7)  {W, convective heat transfer rate between opposite cavity walls}

{equation 4.91Handbook of Heat Transfer 3rd Edition}
Nus_67= ( 1 +  (   ((0.0665*Ra_L67^(1/3))  /  (1+(9000/Ra_L67)^1.4 ) )^2  ))^(1/2)   {correlation for Pr~0.7, validated for Ra < 10^6 and
 40 < H/L < 110, H/L is computed as 173 so its out of range }

{------------------------------------------------------------------------------------------------------------------------}
qrad_78 = As*sigma*(T_7^4 - T_8^4)/(1/epsilon_7 + 1/epsilon_8 - 1)  {radiation exchange between the inner shield and the inner
 vessel}

qrad_78+ qconv_78 = q_total   {W, total heat flow from outer to inner vessel}

Ra_L78 = g*Beta78*(T_7-T_8)*L78^3/ ( alpha78*nu78)    {Rayleigh Number}

g = 9.8  {gravitational acceleration m/s^2}

Beta78 = 1 / T_film78     {1/K, volumetric thermal expansion coefficient}

T_film78 = (T_7 + T_8)/2   {K, average temperaure of the two enclosure surfaces used for property evaluation}

L78 = L_inches78/39.37   {m, length of the gap between the two surfaces}

L_inches78 = 3.125   {in, length of the gap between the two surfaces}

alpha78 = k78 / (rho78*Cp78)      {thermal diffusivity, m2/s, evaluated for air at ambient pressure and Tf }

mu78 = rho78*nu78        {viscosity kg/ s* m}

k78 = Conductivity(Air,T=T_film78)       {thermal conductivity of the air in the vacuum space, evaluated for air at ambient pressure and
 the average temperature of the two enclosure surfaces }

rho78 = Density(Air,T=T_film78,P=Patm78)    {density of the air in the vacuum space, evaluated for air at ambient pressure and the
 average temperature of the two enclosure surfaces }

Patm78 = 1.01325    {bar, pressure in the vacuum jacket}
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Cp78 =Cp(Air,T=T_film78)    {J/kg-K, specific heat of the air in the vacuum jacket at constant pressure}

mu78 =Viscosity(Air,T=T_film78)    {kg/ s*m,  viscosity }

H_over_L_ration78 = H_inches78 / L_inches78   {dimensionless, ratio of the cavity height H to the cavity gap L}

H_inches78 = 65   {inches, height of the cavity}

H78 = H_inches78/39.37    {meters, height of the cavity}

Pr78 = nu78/alpha78   {Prandtl number, dimensionless, ratio of the momentum and thermal diffusivities, nu over alpha}

Nus_78 = hbar78*L78/k78    {Nusselt number, dimensionless temperature gradient at the surface}

qconv_78 = hbar78*As*(T_7-T_8)       {W, convective heat transfer rate between opposite cavity walls}

As = 4.132  {m^2 The surface area A for all calculations was taken as the surface area of a cylinder (including the top and bottom)
 whose outside diameter matches the inner diameter of the vacuum jacket.  This is conservative because the surface area of the
 radiation shields and the inner vessel is significantly less than that of the vacuum jacket.     }

Nus_78=0.046*Ra_L78^(1/3)  {Incropera and Dewitt 4th edition equation 9.53} {Ral = 4.3E7. H/L = 21, Pr =0.7, applicable 1 < H/L <
 40, 10^6 < RaL < 10^9 Ral, sightly out of the Pr range of 1 < Pr < 2E4 }

Nus_78_check_horizontal = 0.069*(Ra_L78^(1/3) )*(Pr78^0.074)

{------------------------------------------------------------------------------------------------------------------------}

sigma = 5.67e-8  {Stefan-Boltzmann constant W/(m^2*K^4}

epsilon_1 = 1   {surface emissivity of the ID of the vacuum jacket}

epsilon_2 = 0.1 {shield surface emissivity}

epsilon_3 = 0.1 {shield surface emissivity}

epsilon_4 = 0.1 {shield surface emissivity}

epsilon_5 = 0.1 {shield surface emissivity}

epsilon_6 = 0.1 {shield surface emissivity}

epsilon_7 = 0.1 {shield surface emissivity}

epsilon_8 = 1 {surface emissivity of the OD of the inner vessel}

T_1 =922    {vacuum jacket temperature in K}

T_8=Temperature(Argon,P=8.70,x=0)        {filter housing temperature in K}

Lgap  = 0.009525

Lgap,inches  = 0.009525  · 39.37
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qrad12  = As  · σ ·
T1

4 – T2
4
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+

1
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qrad12  + qconv12  = qtotal
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1

Tfilm12
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Patm12   =  1.01325

Cp12   =  Cp 'Air' , T =Tfilm12

mu12   =  Visc 'Air' , T =Tfilm12
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Nus12,check,horizontal  = 0.069  · RaL12
1 / 3 · Pr12 0.074

qrad23  = As  · σ ·
T2

4 – T3
4

1
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+
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rho23   =  ρ 'Air' , T =Tfilm23 , P =Patm23
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Cp23   =  Cp 'Air' , T =Tfilm23

mu23   =  Visc 'Air' , T =Tfilm23
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Nus23  = 1 +
0.0665  · RaL23

1 / 3

1 +
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RaL23
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2 1 / 2

qrad34  = As  · σ ·
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4
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+
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Hinches12
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Nus34  = hbar34  · 
L34
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Nus34  = 1 +
0.0665  · RaL34

1 / 3

1 +
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RaL34
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2 1 / 2

qrad45  = As  · σ ·
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Hover,L,ration45  =
Hinches45

Linches45

Hinches45  = 65

H45   =  
Hinches12

39.37

Pr45   =  
nu45

alpha45

Nus45  = hbar45  · 
L45

k45
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qconv45  = hbar45  · As  · T4 – T5

Nus45  = 1 +
0.0665  · RaL45

1 / 3

1 +
9000

RaL45

1.4

2 1 / 2

qrad56  = As  · σ ·
T5

4 – T6
4

1

ε5
+

1

ε6
– 1

qrad56  + qconv56  = qtotal

RaL56  = g · Beta56  · T5 – T6 ·
L56 3

alpha56  · nu56

Beta56   =  
1

Tfilm56

Tfilm56  =
T5 + T6

2

L56   =  
Linches12

39.37

Linches56  = 0.375

alpha56   =  
k56

rho56  · Cp56

mu56   =  rho56  · nu56

k56   =  k 'Air' , T =Tfilm56

rho56   =  ρ 'Air' , T =Tfilm56 , P =Patm56

Patm56   =  1.01325

Cp56   =  Cp 'Air' , T =Tfilm56

mu56   =  Visc 'Air' , T =Tfilm56

Hover,L,ration56  =
Hinches56

Linches56

Hinches56  = 65

H56   =  
Hinches56

39.37

Pr56   =  
nu56

alpha56

Nus56  = hbar56  · 
L56

k56
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qconv56  = hbar56  · As  · T5 – T6

Nus56  = 1 +
0.0665  · RaL56

1 / 3

1 +
9000

RaL56

1.4

2 1 / 2

qrad67  = As  · σ ·
T6

4 – T7
4

1

ε6
+

1

ε7
– 1

qrad67  + qconv67  = qtotal

RaL67  = g · Beta67  · T6 – T7 ·
L67 3

alpha67  · nu67

Beta67   =  
1

Tfilm67

Tfilm67  =
T6 + T7

2

L67   =  
Linches12

39.37

Linches67  = 0.375

alpha67   =  
k67

rho67  · Cp67

mu67   =  rho67  · nu67

k67   =  k 'Air' , T =Tfilm67

rho67   =  ρ 'Air' , T =Tfilm67 , P =Patm67

Patm67   =  1.01325

Cp67   =  Cp 'Air' , T =Tfilm67

mu67   =  Visc 'Air' , T =Tfilm67

Hover,L,ration67  =
Hinches67

Linches67

Hinches67  = 65

H67   =  
Hinches67

39.37

Pr67   =  
nu67

alpha67
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Nus67  = hbar67  · 
L67

k67

qconv67  = hbar67  · As  · T6 – T7

Nus67  = 1 +
0.0665  · RaL67

1 / 3

1 +
9000

RaL67

1.4

2 1 / 2

qrad78  = As  · σ ·
T7

4 – T8
4

1

ε7
+

1

ε8
– 1

qrad78  + qconv78  = qtotal

RaL78  = g · Beta78  · T7 – T8 ·
L78 3

alpha78  · nu78

g = 9.8

Beta78   =  
1

Tfilm78

Tfilm78  =
T7 + T8

2

L78   =  
Linches78

39.37

Linches78  = 3.125

alpha78   =  
k78

rho78  · Cp78

mu78   =  rho78  · nu78

k78   =  k 'Air' , T =Tfilm78

rho78   =  ρ 'Air' , T =Tfilm78 , P =Patm78

Patm78   =  1.01325

Cp78   =  Cp 'Air' , T =Tfilm78

mu78   =  Visc 'Air' , T =Tfilm78

Hover,L,ration78  =
Hinches78

Linches78

Hinches78  = 65

H78   =  
Hinches78

39.37
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Pr78   =  
nu78

alpha78

Nus78  = hbar78  · 
L78

k78

qconv78  = hbar78  · As  · T7 – T8

As   =  4.132

Nus78  = 0.046  · RaL78
1 / 3

Nus78,check,horizontal  = 0.069  · RaL78
1 / 3 · Pr78 0.074

σ = 5.67 x 10 –8

ε1 = 1

ε2 = 0.1

ε3 = 0.1

ε4 = 0.1

ε5 = 0.1

ε6 = 0.1

ε7 = 0.1

ε8 = 1

T1 = 922

T8 = T 'Argon' , P =8.7 , x =0

SOLUTION
Unit Settings: [J]/[K]/[bar]/[kg]/[degrees]
alpha12  = 0.0001423 [m2/s] alpha23  = 0.0001298 [m2/s]
alpha34  = 0.0001131 [m2/s] alpha45  = 0.00009375 [m2/s]
alpha56  = 0.00007037 [m2/s] alpha67  = 0.00004032 [m2/s]
alpha78  = 0.00001209 [m2/s] As  = 4.132 [m2]
Beta12  = 0.001108 [1/K] Beta23  = 0.001175 [1/K]
Beta34  = 0.001283 [1/K] Beta45  = 0.001444 [1/K]
Beta56  = 0.001719 [1/K] Beta67  = 0.002373 [1/K]
Beta78  = 0.004557 [1/K] Cp12  = 1121 [J/kg-K]
Cp23  = 1110 [J/kg-K] Cp34  = 1094 [J/kg-K]
Cp45  = 1073 [J/kg-K] Cp56  = 1047 [J/kg-K]
Cp67  = 1016 [J/kg-K] Cp78  = 1002 [J/kg-K]

ε1 = 1 ε2 = 0.1 

ε3 = 0.1 ε4 = 0.1 

ε5 = 0.1 ε6 = 0.1 

ε7 = 0.1 ε8 = 1 
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g  = 9.8 [m/s2] H12  = 1.651 [m]
H23  = 1.651 [m] H34  = 1.651 [m]
H45  = 1.651 [m] H56  = 1.651 [m]
H67  = 1.651 [m] H78  = 1.651 [m]
hbar12  = 6.552 [W/*m2 * K)] hbar23  = 6.278 [W/*m2 * K)]
hbar34  = 5.884 [W/*m2 * K)] hbar45  = 5.382 [W/*m2 * K)]
hbar56  = 4.693 [W/*m2 * K)] hbar67  = 3.676 [W/*m2 * K)]
hbar78  = 3.959 [W/*m2 * K)] Hinches12 = 65 [in]
Hinches23 = 65 [in] Hinches34 = 65 [in]
Hinches45 = 65 [in] Hinches56 = 65 [in]
Hinches67 = 65 [in] Hinches78 = 65 [in]
Hover,L,ration12 = 173.3 [ ] Hover,L,ration23 = 173.3 [ ]
Hover,L,ration34 = 173.3 [ ] Hover,L,ration45 = 173.3 [ ]
Hover,L,ration56 = 173.3 [ ] Hover,L,ration67 = 173.3 [ ]
Hover,L,ration78 = 20.8 [ ] k12  = 0.06241 [W/m-K]
k23  = 0.05979 [W/m-K] k34  = 0.05605 [W/m-K]
k45  = 0.05126 [W/m-K] k56  = 0.0447 [W/m-K]
k67  = 0.03431 [W/m-K] k78  = 0.0195 [W/m-K]
L12 = 0.009525 [m] L23 = 0.009525 [m]
L34 = 0.009525 [m] L45 = 0.009525 [m]
L56 = 0.009525 [m] L67 = 0.009525 [m]
L78 = 0.07938 [m] Lgap = 0.009525 [m]
Lgap,inches  = 0.375 [in] Linches12  = 0.375 [in]
Linches23  = 0.375 [in] Linches34  = 0.375 [in]
Linches45  = 0.375 [in] Linches56  = 0.375 [in]
Linches67  = 0.375 [in] Linches78  = 3.125 [in]
mu12 = 0.00003926 [kg/m-s] mu23 = 0.00003784 [kg/m-s]
mu34 = 0.00003581 [kg/m-s] mu45 = 0.00003321 [kg/m-s]
mu56 = 0.00002963 [kg/m-s] mu67 = 0.00002378 [kg/m-s]
mu78 = 0.00001454 [kg/m-s] nu12  = 0.0001004 [m2/s]
nu23  = 0.00009119 [m2/s] nu34  = 0.00007903 [m2/s]
nu45  = 0.00006517 [m2/s] nu56  = 0.00004881 [m2/s]
nu67  = 0.00002839 [m2/s] nu78  = 0.000009036 [m2/s]
Nus12 = 1 Nus12,check,horizontal  = 0.1973 
Nus23 = 1 Nus34 = 1 
Nus45 = 1 Nus56 = 1 
Nus67 = 1.021 Nus78 = 16.12 [ ]
Nus78,check,horizontal  = 23.66 [K0.3333] Patm12 = 1.013 [bar]
Patm23 = 1.013 [bar] Patm34 = 1.013 [bar]
Patm45 = 1.013 [bar] Patm56 = 1.013 [bar]
Patm67 = 1.013 [bar] Patm78 = 1.013 [bar]
Pr12 = 0.7054 Pr23 = 0.7024 
Pr34 = 0.6987 Pr45 = 0.6951 
Pr56 = 0.6937 Pr67 = 0.7042 
Pr78 = 0.7474 qconv12 = 1042 [W]
qconv23 = 1702 [W] qconv34 = 1884 [W]
qconv45 = 2124 [W] qconv56 = 2454 [W]
qconv67 = 2943 [W] qconv78 = 3441 [W]
qrad12  = 2654.795 [W] qrad23  = 1995 [W]
qrad34  = 1813 [W] qrad45  = 1573 [W]
qrad56  = 1243 [W] qrad67  = 753.3 [W]
qrad78  = 256.1 [W] qtotal  = 3696.784 [W]
RaL12  = 25.26 RaL23  = 55.17 
RaL34  = 94.22 RaL45  = 191.1 
RaL56  = 536.4 RaL67  = 3401 
RaL78  = 4.300E+07 [K] rho12 = 0.391 [kg/m3]
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rho23 = 0.415 [kg/m3] rho34 = 0.4531 [kg/m3]
rho45 = 0.5096 [kg/m3] rho56 = 0.6069 [kg/m3]
rho67 = 0.8376 [kg/m3] rho78 = 1.609 [kg/m3]

σ  = 5.670E-08 [W / (m2 * K4)] T1  = 922 [K]
T2  = 883.513 [K] T3  = 817.9 [K]
T4  = 740.4 [K] T5  = 644.9 [K]
T6  = 518.4 [K] T7  = 324.592171 [K]
T8  = 114.2584 [K] Tfilm12  = 902.8 [K]
Tfilm23  = 850.7 [K] Tfilm34  = 779.2 [K]
Tfilm45  = 692.7 [K] Tfilm56  = 581.6 [K]
Tfilm67  = 421.5 [K] Tfilm78  = 219.4 [K]

39 potential unit problems were detected.
EES suggested units (shown in purple) for Nus_78_check_horizontal  .
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Temperature Pressure Cp
(°R) (psia) (Btu/lbm-°R)

207 126.2 0.18071
367.6 126.2 0.13121
529.9 126.2 0.12698
691.3 126.2 0.12573
852.8 126.2 0.1252
1014 126.2 0.12492
1176 126.2 0.12476
1337 126.2 0.12466
1499 126.2 0.12459
1660 126.2 0.12454

T	  =	  4.759192E-‐19T6	  -‐	  2.970165E-‐15T5	  +	  7.444285E-‐12T4	  -‐	  
9.551559E-‐09T3	  +	  6.591683E-‐06T2	  -‐	  2.315526E-‐03T	  +	  4.496002E-‐01	  

R²	  =	  9.983642E-‐01	  
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	  x
	  R
)	  

Temperature,	  Rankine	  

Argon	  specific	  heat	  at	  constant	  pressure	  

Argon	  Cp	  

Curve	  fit	  of	  Cp	  

€ 

Cpaverage = 1
1660 - 205.7

4.759192E -19..7( )T 6 - 2.970165E -15( )T 5 + 7.444285E -12( )T 4 - 9.551559E - 09( )T 3 + 6.591683E - 06( )T 2 - 2.315526E - 03( )T +  4.496002E - 01
205.7

1660

∫  = 0.1282 Btu
lbm x oR
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{-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------}
{Filter bed pressure drop for LAPD -  both filters during a relief valve event}
{Assume vapor travels thru the entire bed}
{units of F, psia}
 
G = W / A_filter  {lb/(hr*ft^2)  superficial mass velocity for filter bed pressure drop calculation}
 
A_filter = (PI/4)*(12.39/12)^2  {ft^2 cross sectional area of filter, 12 inch SCH 10 pipe}
 
L_filter = 40/12  {ft, length of filter bed, see drawing 466500 }
 
{Ergun equation for the calculation of pressure drop in adsorbent beds from Union Carbide Fixed-Bed Pressure Drop Calculations
, the beds have different diameter beads}
ft_filter_O2*Ct_O2*(G^2)*L_filter/(rho_GAr*Dp_oxygen)=dP_filter_O2  {oxygen filter bed pressure drop psi}
 
ft_filter_MS*Ct_MS*(G^2)*L_filter/(rho_GAr*Dp_molecular)=dP_filter_MS   {molecular sieve filter bed pressure drop psi}
 
Dp_molecular=0.00666  {ft, average diameter of molecular sieve particles, 8 x 12 mesh, 8 mesh = 0.0937 inches = 0.00781 ft, 12
 mesh = 0.0661 inches = 0.00551 ft, average = 0.08 inches = 0.00666 ft}  
Dp_oxygen=0.00336 {ft, average diameter of oxygen filter particles 14x28 mesh, 14 mesh = 0.0555 inches, 28 mesh = 0.02512
inches, average = 0.0403 inches = 0.003359 feet   }  

{pressure drop coefficient (ft)(sq hr)/(sq in), determine from graph which has Ct plotted as a function of external void fraction,
 3.6E-10 for the 0.37 void fraction Union Carbide reference suggests for mole sieve}
Ct_O2=3.6E-10 
Ct_MS=3.6E-10  
 
{friction factor based on modified Reynolds #, get from graph}
ft_filter_O2 = INTERPOLATE('ft','Column1','Column2',Column1=Re_oxygen)  {look up data from digitized plot in table}
ft_filter_MS = INTERPOLATE('ft','Column1','Column2',Column1=Re_molecular)    {look up data from digitized plot in table}
 
Re_molecular=Dp_molecular*G/mu  {Reynolds number for molecular sieve}  

Re_oxygen=Dp_oxygen*G/mu  {Reynolds number for oyxgen filter}  

mu =VISCOSITY(Argon,T=T_vent,P=P_GAr) {argon viscosity at flowing conditions lb/hr-ft}  

rho_GAr = Density(Argon,T=T_vent,P=P_GAr)  {density of argon gas at flowing conditions in the filter, lb/ft^3}
 
T_vent = 80.3  {temperature of the venting gas, F, the gas would be cold because it originates from vaporized liquid such that
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room temperature is conservative}
 
P_GAr = 126.2   {relief valve flow rating pressure psia}
 
rho_stp = Density(Argon,T=70,P=14.7)   {density @ std conditions for SCFH calc}  

W = GAr_SCFH * rho_stp  {relate mass flow to SCFH}
 
W = 419.5  {venting argon mass flow rate lbm/hr, from relief valve calcs, fire case}
 
{-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------}
 
{Filter screen pressure drop for LAPD filter during a relief event}
{LAPD top filter screen is FNAL drawing # 489456}
{Using ImageJ software the slot open area is 32 in^2, these slots are then filled with 2 screens}
{Screen 1 McMaster #85385T425 60x60 mesh, 0.0075"  wire diameter, 0.009" opening width, 30.5% open area}
{Screen 2 McMaster #85385T369 8x8 mesh, 0.035"  wire diameter, 0.09" opening width, 51.8% open area}
{Screen pressure drop reference is the Chemical Engineers Handbook by Perry and Chilton, 5th Edition, page 5-37}
{The flow thru a screen can be considered as flow thru a number of orifices or nozzles in parallel.  
Thus the pressure drop or head loss across a screen can be computed from an orifice type equation}
{Experimental data indicates that for a series of screens the over-all head loss is directly proportional to the number of screens in
series 
and is not affected by either the spacing between successive screens or by their orientation with respect to one another}
 
{For the filter screens the pressure drop is computed across each screen}
 
DELTA_h_1 = (n/C_1^2)*((1-alpha_1^2)/alpha_1^2)*(V^2/(2*g_c))  {screen 1 head loss in ft of flowing liquid, equation 5-100}
DELTAP_screen_1 = DELTA_h_1*rho_GAr/144  {convert screen 1 head loss from feet to psi}
 
DELTA_h_2 = (n/C_2^2)*((1-alpha_2^2)/alpha_2^2)*(V^2/(2*g_c))  {screen 2 head loss in ft of flowing liquid, equation 5-100}
DELTAP_screen_2 = DELTA_h_2*rho_GAr/144  {convert screen 2 head loss from feet to psi}
 
n = 1 {number of screens in series, dimensionless, each screen is computed individually since the screens are different sizes}
 
C_1 = INTERPOLATE('cs','Column1','Column2',Column1=N_Re_1)   {screen 1 discharge coefficient, dimensionless, function of
 the Reynolds number see Figure 5-44}
C_2 = INTERPOLATE('cs','Column1','Column2',Column1=N_Re_2) {screen 2 discharge coefficient, dimensionless, function of the
 Reynolds number see Figure 5-44}
 
alpha_1 = 0.305 {fractional free projected area of screen 1, dimensionless}
alpha_2 = 0.518 {fractional free projected area of screen 2, dimensionless}
 
V = W/(rho*3600*A_screen) {superficial velocity ahead of the screen, ft/sec}
 
A_screen = 32/144  {flow has to go thru slots, estimate upstream area as the slot area of 32 in^2 and convert to ft^2}
 
g_c = 32.17 {dimensional constant, 32.17 (lb.)(ft.)/(lb. force)(sec^2) }
 
N_Re_1 = D_s_1*V*rho/(alpha_1*mu_screen)  {Screen 1 reynolds number }
N_Re_2 = D_s_2*V*rho/(alpha_2*mu_screen)  {Screen 2 reynolds number }
 
D_s_1  = 0.009/12  {aperture width screen 1, feet}
D_s_2  = 0.09/12 {aperture width screen 2, feet}
 
rho = rho_GAr  {fluid denisty at flowing conditions, lb/ft^3}
 
mu_screen = VISCOSITY(Argon,T=T_vent,P=P_GAr)/3600 {fluid viscosity at flowing conditions lb./(ft.)(sec.), converted from EES
 lb/hr-ft units}
 
{-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------}
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G =
W

Afilter

Afilter  =
π
4

·
12.39

12

2

Lfilter  =
40
12

ft filter,O2  · CtO2  · G 2 ·
Lfilter

ρGAr  · Dpoxygen
 = dPfilter,O2

ft filter,MS  · CtMS  · G 2 ·
Lfilter

ρGAr  · Dpmolecular
 = dPfilter,MS

Dpmolecular  = 0.00666

Dpoxygen  = 0.00336

CtO2  = 3.6 x 10 –10

CtMS  = 3.6 x 10 –10

ft filter,O2  = Interpolate 'ft', 'Column1', 'Column2', 'Column1' = Reoxygen

ft filter,MS  = Interpolate 'ft', 'Column1', 'Column2', 'Column1' = Remolecular

Remolecular  = Dpmolecular  · 
G
µ

Reoxygen  = Dpoxygen  · 
G
µ

µ = Visc 'Argon' , T =Tvent , P =PGAr

ρGAr  = ρ 'Argon' , T =Tvent , P =PGAr

Tvent  = 80.3

PGAr  = 126.2

ρstp  = ρ 'Argon' , T =70 , P =14.7

W = GArSCFH  · ρstp

W = 419.5

∆h,1  =
n

C1
2

·
1 – α1

2

α1
2

·
V 2

2 · gc
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∆Pscreen,1  = ∆h,1  · 
ρGAr

144

∆h,2  =
n

C2
2

·
1 – α2

2

α2
2

·
V 2

2 · gc

∆Pscreen,2  = ∆h,2  · 
ρGAr

144

n = 1

C1 = Interpolate 'cs', 'Column1', 'Column2', 'Column1' = NRe,1

C2 = Interpolate 'cs', 'Column1', 'Column2', 'Column1' = NRe,2

α1 = 0.305

α2 = 0.518

V =
W

ρ · 3600  · Ascreen

Ascreen  =
32
144

gc = 32.17

NRe,1  = Ds,1  · V  · 
ρ

α1 · µscreen

NRe,2  = Ds,2  · V  · 
ρ

α2 · µscreen

Ds,1  =
0.009

12

Ds,2  =
0.09
12

ρ = ρGAr

µscreen  =
Visc 'Argon' , T =Tvent , P =PGAr

3600

SOLUTION
Unit Settings: [F]/[psia]/[lbm]/[degrees]
α1 = 0.305 α2 = 0.518 
Afilter  = 0.8373 [ft2] Ascreen  = 0.2222 [ft2]
CtMS  = 3.600E-10 [ft*hr2/in2] CtO2  = 3.600E-10 [ft*hr2/in2]
C1 = 0.7852 C2 = 1.155 
∆Pscreen,1 = 0.0005369 [lbm/in2] ∆Pscreen,2 = 0.0000694 [lbm/in2]
∆h,1  = 0.08846 [ft] ∆h,2  = 0.01143 [ft]
dPfilter,MS  = 0.09197 [lbm/in2] dPfilter,O2  = 0.2614 [lbm/in2]
Dpmolecular  = 0.00666 [ft] Dpoxygen = 0.00336 [ft]
Ds,1  = 0.00075 [ft] Ds,2  = 0.0075 [ft]
ftfilter,MS = 1.777 ftfilter,O2  = 2.549 
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G = 501.028 [lbm/hr-ft2] GArSCFH  = 4058 [ft3/hr]
gc = 32.17 [lbm-ft/lbm-sec2] Lfilter  = 3.333 [ft]
µ = 0.05534 [lbm/ft-hr] µscreen = 0.00001537 [lbm/ft-sec]
n = 1 NRe,1 = 83.88 
NRe,2 = 493.9 PGAr  = 126.2 [psia]
Remolecular  = 60.3 Reoxygen = 30.42 
ρ = 0.874 [lbm/ft3] ρGAr = 0.874 [lbm/ft3]
ρstp  = 0.1034 [lbm/ft3] Tvent  = 80.3 [F]
V = 0.5999 [ft/sec] W = 419.5 [lbm/hr]

4 potential unit problems were detected.

Lookup Table: ft
Column1 Column2

Row 1 0.5761 100.6 
Row 2 0.7349 78.51 
Row 3 1.042 54.66 
Row 4 1.417 40.49 
Row 5 1.988 29.07 
Row 6 2.618 22.21 
Row 7 4.084 14.53 
Row 8 5.853 10.12 
Row 9 7.387 7.892 
Row 10 9.424 6.093 
Row 11 12.28 4.953 
Row 12 15.5 4.111 
Row 13 19.78 3.412 
Row 14 25.78 2.831 
Row 15 33.24 2.424 
Row 16 44.25 2.032 
Row 17 58.91 1.794 
Row 18 78.44 1.617 
Row 19 106.7 1.473 
Row 20 139.1 1.355 
Row 21 187.1 1.26 
Row 22 260 1.183 
Row 23 342.5 1.135 
Row 24 496.5 1.077 
Row 25 654.3 1.076 
Row 26 899.4 1.042 
Row 27 1277 1.02 

Lookup Table: cs
Column1 Column2

Row 1 0.0986 0.0316 
Row 2 0.1969 0.0447 
Row 3 0.2944 0.0553 
Row 4 0.3971 0.0637 
Row 5 0.4932 0.072 
Row 6 0.6932 0.083 
Row 7 0.9845 0.1007 
Row 8 1.945 0.1408 
Row 9 2.909 0.1725 
Row 10 3.923 0.2009 
Row 11 5.928 0.2461 
Row 12 9.828 0.3109 
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Lookup Table: cs
Column1 Column2

Row 13 19.62 0.4392 
Row 14 39.17 0.5899 
Row 15 68.39 0.7378 
Row 16 99.18 0.8171 
Row 17 198.1 0.982 
Row 18 387.6 1.122 
Row 19 592 1.17 
Row 20 971.9 1.257 
Row 21 1942 1.366 
Row 22 3801 1.382 
Row 23 9833 1.429 
Row 24 19445 1.476 
Row 25 38857 1.494 
Row 26 95475 1.498 
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{This sheet calculates the inlet pressure drop for the LArIAT filter vessel relief valve}

{EES will not calculate argon properties above 1260 R}
{Use a curve fit of estimated NIST properties for temperatures above 1260 R based on a constant pressure which his a decent
approximation}
{If pressure is very far from 126 psia this will not work!}
PROCEDURE v_i_high_T_PRO(T_i,P_i :v_i)
If (T_i < 1259) THEN
v_i = Volume(Argon,T=T_i,P=P_i)  {ft^3/lb}
ELSE 
v_i = (-2.747072E-09)*(T_i)^2 + (2.144299E-03)*T_i - 4.933726E-03
ENDIF
END

{This sheet calculates the inlet pressure drop for the LAPD filter vessel relief valve}

{CGA 6.1.4 c) used }
P_i = P - (3.36E-6)*f*l*(W^2)*v/(d^5)  {psia}

{pressure drop thru the relief valve inlet piping}
DELTAP = P - P_i   {psid}

{mass flow rate calculated from 6.1.4 a)  }
W = 419.5  {valve name plate capacity} {419.5 required} {lbm/hr}

{average temperature between the flow rated saturation temperature and the inlet temperature of the valve calculated with 6.1.4 b)  }
T_average = (T_i + T_s)/2   {R}

{6.1.4 b temperature at the inlet of the relief valve}
T_i = 2145 - (2145 - T_s) / EXP ( (  5.24*1.315*(L_cap)/(W*C_p)  ) )  {R}

{Average specific heat btu/lbm-Rat constant pressure between Ts and 1660 R}
C_p = 0.1281  {btu/lbm-R}

{linear length of pipe to the inlet of the relief valve}
L_cap = 11  {ft}

L_ft = L_cap  {ft}

{Saturation temperature deg. R at the flow rating pressure}
T_s =Temperature(Argon,P=P,x=1)   {R}

{Specific volume of the fluid being relieved in ft^3/lb at the flow rating pressure and the average temperature between Ti and Ts}
v=Volume(Argon,T=T_average,P=P)  {ft^3/lb}

CALL v_i_high_T_PRO(T_i,P_i :v_i)  

{CGA correction factor}
F_CGA = SQRT(  (P_i*v_i)/(P*v_CGA))

{Specific volume of the fluid being relieved in ft^3/lb at the flow rating pressure and the saturation temperature }
v_CGA=Volume(Argon,x=1,P=P)  {ft^3/lb}

{psia, flow rating pressure}
P = 126.2 {psia}

{internal diameter of the piping leading up to the relief valve}
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d = 1.097 {inches}

D_ft = d / 12  {feet}

{friction factor used in 6.1.4 c, set equal to friction factor calculated by the Colebrook equation}
f = f_ci  {dimensionless}

{l = 6}

{Resistance coefficients from Crane 410 }
K = num_elbows*20*f_T {elbows} + 20*f_T {tee run} + 60*f_T  {tee branch} + f*L_ft/D_Ft  {straight pipe} + 0.78  {inward projecting inlet}

{K is unitless}

{calculate the equivalent length l that includes the tees, elbows, and inlet between the vessel and relief valve piping}
K = f*l/D_ft  

num_elbows = 5  {number of elbows in the path from the vessel to the relief valve}

{Colebrook equation for the turbulent friction factor, Crane 410 equation 1-20, set Reynolds number to 1E8 to get a fully turbulent
friction factor f_T}
1/SQRT(f_T) = -2.0*log10(epsilon/(3.7*D_ft)   +   2.51/(Re_f_T*SQRT(f_T)   )   )
Re_f_T = 1E8  {A large Reynolds number is input to get the fully turbulent friction factor}

{Reynolds # for friction factor f in 6.1.4 c}
Re = 6.315*W/(d*mu)  {dimesionless}

{absolute (dynamic) viscosity in centipoise  }
mu=Viscosity(Argon,T=T_average,P=P)/2.42    {cp, converted from lb/ft-hr by dividing by 2.42}

{Colebrook equation which offers an implicit iterative solution for the turbulent friction factor}
1/SQRT(f_ci) = -2.0*log10(epsilon/(3.7*D_ft)   +   2.51/(Re*SQRT(f_ci)   )   )  {dimensionless}

{absolute roughness in feet for drawn tubing = 0.000,005, for commericial steel = 0.00015}
epsilon = 0.000015

Procedure v i,high,T,PRO (Ti, Pi : v i)

If  Ti  < 1259   Then

vi  := v 'Argon' , T =Ti , P =Pi

Else

vi  := – 2.747072 x 10 –9  · Ti
2  + 0.002144299  · Ti  – 0.004933726

EndIf

End v i,high,T,PRO
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Pi   =  P  – 0.00000336  · f  · l  · W 2  · 
v

d 5

P   =  P  – Pi

W   =  419.5

Taverage   =  
Ti  + Ts

2

Ti   =  2145  – 
2145  – Ts

exp 5.24  · 1.315  · 
Lcap

W  · Cp

Cp   =  0.1281

Lcap   =  11

Lft   =  Lcap

Ts   =  T 'Argon' , P =P , x =1

v   =  v 'Argon' , T =Taverage , P =P

Call  v i,high,T,PRO Ti , Pi  : vi

FCGA   =  
Pi  · vi

P  · vCGA

vCGA   =  v 'Argon' , x =1 , P =P

P   =  126.2

d   =  1.097

Dft   =  
d
12

f   =  fci

K   =  numelbows  · 20  · fT  + 20  · fT  + 60  · fT  + f  · 
Lft

Dft
 + 0.78

K   =  f  · 
l

Dft

numelbows   =  5

1
fT

  =  – 2  · log
3.7  · Dft

 + 
2.51

Ref,T  · fT

Ref,T   =  1 x 10 8
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Re   =  6.315  · 
W

d  · 

  =  
Visc 'Argon' , T =Taverage , P =P

2.42

1
fci

  =  – 2  · log
3.7  · Dft

 + 
2.51

Re  · fci

  =  0.000015

SOLUTION
Unit Settings: [R]/[psia]/[lbm]/[degrees]
Cp  = 0.1281 [btu/lbm-R] d  = 1.097 [in] P = 0.3805 [psid]
Dft  = 0.09142 [ft]  = 0.000015 f  = 0.02018 
FCGA = 3.109 fci  = 0.02018 fT  = 0.01321 
K  = 5.585 l  = 25.3 [ft] Lcap  = 11 [ft]
Lft  = 11 [ft]  = 0.03522639 [cp] numelbows  = 5 
P  = 126.2000 [psia] Pi = 125.819490 [psia] Re = 68554 
Ref,T  = 1.000E+08 Taverage = 938.7 [R] Ti  = 1672 [R]
Ts  = 205.7 [R] v  = 2.002 [ft3/lb] vCGA  = 0.3685 [ft3/lb]
vi  = 3.572 [ft3/lb] W  = 419.50000 [lb/hr]

13 potential unit problems were detected.
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